One of the cardinal features of cancer is a deregulation of apoptosis. 1 Enormous progress has been made in the last 15 years in understanding the basic mechanisms of apoptosis, in particular, the role of Bcl-2 and the caspase family of proteins as critical regulators or executioners of apoptosis, respectively. However, so far there has been no progress in the translation of this knowledge into clinical application and improved cancer therapy.
Apoptosis occurs following either triggering of cell surface death receptors (the extrinsic pathway) or perturbation of mitochondria (the intrinsic pathway). 2, 3 Most drugs, including cancer chemotherapeutic agents, chemicals, irradiation as well as growth factor withdrawal, induce apoptosis by activation of the intrinsic pathway. Members of the Bcl-2 family control the integrity of the outer mitochondrial membrane (OMM) and thus are critical in determining the susceptibility of cells to apoptosis induced by the intrinsic pathway. The Bcl-2 family comprises antiapoptotic members, such as Bcl-2, Mcl-1, Bcl-X L and Bcl2A1 (Bfl-1/A1), multidomain proapoptotic members, such as Bax and Bak, and proapoptotic BH3-only proteins, including Bad, Bim, Puma, Bid, Bik, Noxa and Bmf. [3] [4] [5] [6] [7] On receipt of a death signal, Bax and Bak can form oligomers in mitochondrial membranes leading to permeabilization of the OMM, release of cytochrome c and caspase activation, whereas antiapoptotic Bcl-2 members prevent this release by blocking activation of Bax and Bak. BH3-only proteins, which act upstream of Bax and Bak, are critical for cell death initiation, and their activity is tightly controlled by diverse transcriptional and post-translational mechanisms.
3,4,6 BH3-only proteins selectively bind into the hydrophobic groove of antiapoptotic Bcl-2 family members leading to Bax/Bak activation, either by the direct or indirect activation model. 4, 6, [8] [9] [10] Antiapoptotic Bcl-2 proteins can be divided into two groups, one comprising Bcl-2, Bcl-X L and Bcl-w and the other containing Mcl-1 and Bcl2A1; efficient apoptosis and effective therapy has been shown to require neutralization of both sets of antiapoptotic proteins. 4, 6, 8, 9 Although the balance of pro-and antiapoptotic Bcl-2 family members is clearly important in determining cellular susceptibility to apoptosis, it is also necessary to consider the capacity of antiapoptotic Bcl-2 proteins to bind molecules, such as BH3-only proteins. For example, chronic lymphocytic leukemic (CLL) cells not only express high levels of Bcl-2, but also high levels of Bim, which is constitutively bound by Bcl-2.
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High levels of antiapoptotic Bcl-2 family members are associated with resistance of many tumors to chemotherapy. 4, 12, 13 Furthermore, a comprehensive study of the NCI panel of 60 cell lines of human tumors of different origin showed a striking negative correlation between Bcl-X L levels and drug sensitivity to all categories of drugs tested except a subgroup including antimetabolites.
14 Based on these and many other studies, antiapoptotic Bcl-2 family members offer a very attractive but challenging target for the development of anticancer agents. Antiapoptotic family members share up to four highly conserved domains, namely the BH1 (Bcl-2 homology), BH2, BH3 and BH4 domains. To date, structural studies have revealed a remarkable similarity between antiapoptotic (Bcl-X L , Bcl-2, Bcl-w and Mcl-1) and proapoptotic members (Bax, Bid and Bak) showing all these proteins to be helical bundles with a hydrophobic helix-turn-helix hairpin flanked by pairs of amphipathic helices. (Reviewed by Youle  and Strasser 6 ) The BH1, BH2 and BH3 domains form a hydrophobic pocket that binds BH3-peptides as well as the C-terminal anchor of Mcl-1, Bcl-w and Bax. 6 Over the last few years, several small molecules have been synthesized as BH3 mimetics to induce apoptosis by inhibiting antiapoptotic Bcl-2 family members and thus being of potential value as anticancer agents ( Figure 1 ). The design of small molecule inhibitors to interfere with protein-protein interactions has been a major challenge for the pharmaceutical industry. Some success has been achieved in cases where there are substantial protein surface indentations and, in relation to cancer chemotherapy, novel agents have been found that interfere with both p53-Mdm2 and antiapoptotic Bcl-2 interactions. 15, 16 Thus, the hydrophobic pocket formed by antiapoptotic Bcl-2 family members has been the target of much innovative chemistry and several agents have either been synthesized or selected on the basis of in silico screens and proposed to act as selective inhibitors. The development of molecules required to interfere with Bcl-2 family members has required the synthesis of molecules of higher molecular weight (4800) than those generally synthesized as drugs. Such molecules may have different pharmacokinetics and routes of metabolism, for example, molecules of this size may be significantly excreted in the bile and undergo enterohepatic recirculation. Small molecules antagonizing Bcl-2 proteins include HA14-1, BH3I-1, antimycin A, chelerythrine, gossypol (NSC19048), apogossypol (NSC736630), TW-37, 4-(3-methoxyphenylsulfonyl)-7-nitro-benzofurazan-3-oxide (MNB), TM12-06, obatoclax (GX15-070), ABT-737 and a related orally-active derivative, ABT-263 and pyrogallol-based molecules (Figure 1) . [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The synthesis of orally active Bcl-2 inhibitors, such as ABT-263, should provide greater flexibility in dosing regimens and ease of administration for patients. 24, 28 Some of these molecules have been developed as far as early clinical trials with promising results (Wilson WH, 2007 , abstract no. 1371).
The Specificity of Bcl-2 Inhibitors
Major differences are observed in both potency and selectivity of the various Bcl-2 inhibitors for different antiapoptotic Bcl-2 proteins (Table 1) . Some reservations are clearly required in interpreting these data as they have been obtained from different studies sometimes using different methodologies to obtain the K i values and also because of difficulties in obtaining precise values due to the high lipophilicity of some inhibitors, such as obatoclax or ABT-737. The data in Table 1 are potentially important for efficacy as well as toxicity of the inhibitors, as recent studies have highlighted the necessity to neutralize both sets of antiapoptotic Bcl-2 family members to induce apoptosis (see above).
By far the most potent small molecule inhibitors described so far are the Bad-like BH3 mimetics, ABT-737 and its orally active analog, ABT-263, which bind with very high affinity (K i p1 nM) to Bcl-2, Bcl-X L and Bcl-w but with much lower (Table 1) . 24, 31 ABT-737 was discovered using nuclear magnetic resonance-based screening, chemical synthesis and structure-based design. 16 Some inhibitors, such as obatoclax and BH3I-1 appear to be panBcl-2 family inhibitors, although with much lower affinities ( Table 1) . Although compounds with micromolar affinities are unlikely to be useful as drugs because of the difficulty in obtaining therapeutically meaningful concentrations in vivo, they may serve as useful leads to generate second or third generation more potent inhibitors. Most of these compounds have been discovered by displacement of a BH3 peptide from Bcl-X L or Bcl-2, suggesting that they all target the hydrophobic groove. However, the different binding patterns indicate that different inhibitors target different sites of the hydrophobic groove and point to important functional differences between the individual Bcl-2 antagonists. Potentially, this may lead to combined use of different inhibitors targeting different regions of the groove. Recently the crystal structure of ABT-737 complexed with Bcl-X L has been described in which the chloro-biphenyl and thio-phenyl moieties of ABT-737 bind to the p2 and p4 pockets of Bcl-X L . 35 Furthermore, some subtle differences were noted in the binding of ABT-737 to Bcl-X L when compared with binding of BH3 peptides. 35 By mutational studies it had been shown that in addition to the hydrophobic groove, chelerythrine binds to the BH1-domain of Bcl-X L , which could also contribute to apoptosis induction. 36 In an elegant study by Huang and co-workers, 37 to test the selectivity of many of these putative selective Bcl-2 antagonists, their ability to kill either wild-type or Bax/Bak-deficient mouse embryonic fibroblasts was ascertained. Selective BH3 mimetics would be expected to kill wild-type fibroblasts but not those deficient in Bax and Bak. Of the agents tested HA14-1, BH3I-1, antimycin A, chelerythrine and gossypol killed wildtype and Bax/Bak-deficient fibroblasts with similar efficacy, whereas ABT-737 killed only the wild-type cells, demonstrating that of these chemicals only ABT-737 was a pure BH3 mimetic and was inducing cell death by specific inhibition of antiapoptotic Bcl-2 family members. 37 As yet the specificity of other agents, such as obatoclax and TW-37, to kill Bax/Bak null fibroblasts has not been definitively ascertained, although two very recent reports indicate that obatoclax may be active in Bax/Bak null fibroblasts. 24, 38 These studies suggest that a variety of Bcl-2 antagonists have additional targets besides inhibiting antiapoptotic Bcl-2 family members and these additional targets may lead to unpredicted, non-mechanism based toxicity.
The notion that it is necessary to neutralize both arms of the antiapoptotic Bcl-2 family raises important questions with regard to the specificity of the Bcl-2 inhibitors.
How valuable is it to have a specific inhibitor of Bcl-2, Bcl-X L and Bcl-w or would it be of more value to have a pan Bcl-2 inhibitor that, in addition, also inhibited Mcl-1 and Bcl2A1? Obatoclax is a pan Bcl-2 inhibitor whereas ABT-737 and ABT-263 are both Bad-like BH3 mimetics, which only inhibit Bcl-2, Bcl-X L and Bcl-w but do not inhibit Mcl-1 and Bcl2A1. 16, 22, 24 Resistance to ABT-737 has been linked to high expression levels of Mcl-1 and in many instances this resistance can be overcome by treatment with an agent(s) that decreases Mcl-1, such as seliciclib, a cyclin-dependent kinase inhibitor. 16, 37, [39] [40] [41] [42] [43] In contrast, obatoclax overcomes Mcl-1 mediated resistance to apoptosis partly by interfering with Mcl-1-Bak interactions. 22 Thus, solely from an efficacy viewpoint, it would be preferable to use a pan rather than a more specific Bcl-2 inhibitor. However, issues of toxicity, both mechanism and non-mechanism based, have also to be considered. Owing to limited in vivo studies to date on most of the Bcl-2 inhibitors, relatively little is known about their potential toxicities, with the possible exceptions of ABT-737 and gossypol. ABT-737 is generally well tolerated in vivo but has been reported to cause a concentration-dependent and rapid decrease in circulating platelets and lymphocytes without affecting platelet aggregation. 16, 44, 45 In dogs dosed with ABT-737, this rapid decrease in platelets returns to baseline within 3 days and is compatible with a mechanism involving platelet destruction rather than a mechanism involving decreased production from megakaryocytes as observed following conventional cytotoxic chemotherapy. 24 As Bcl-X L is critical in limiting the proapoptotic activity of Bak in platelets, the observed thrombocytopenia appears to be because of inhibition of Bcl-X L resulting in activation of Bak. 44 Older platelets contain less Bcl-X L than younger platelets and are more susceptible to ABT-737, which helps to explain the almost full recovery of platelets in mice dosed daily with ABT-737. 44 Clearly, the more specific the inhibitor for individual Bcl-2 family members, the less non-mechanism based toxicity may be expected. Pan Bcl-2 inhibitors are more likely to exhibit mechanism-based toxicities than more specific inhibitors. For example, a pan Bcl-2 family inhibitor that inhibits Mcl-1 may induce toxicities in cells or tissues where there is an important constitutive function of Mcl-1.
Differential Sensitivity of Cell Lines and Some Primary Cells to ABT-737
There is an enormous variation in the sensitivity of different cell types to ABT-737, even considering the different times of exposure and the various methods used to assess apoptosis/ cell death or clonogenicity (Table 2 ). These studies refer to sensitivity of the cells to ABT-737 alone. In many cell types, ABT-737 does not initiate apoptosis as a single agent but acts synergistically with other chemotherapeutic agents or radiation. Besides leukemia and lymphoma cells, ABT-737 has single agent activity in inducing apoptosis in multiple myeloma and small-cell lung cancer cell lines, whereas it is not very efficient in killing ovarian or pancreatic carcinoma cells ( Table 2) . As ABT-737 does not inhibit Mcl-1, factors influencing Mcl-1 levels may significantly affect the efficacy of ABT-737 and possibly other Bcl-2 inhibitors. 37, 40, 41 To date only one study has described a possible role for Bcl2A1 in resistance to ABT-737, although one suspects that it may also play an important role in specific cell types or cellular environments. 37 Studies from other laboratories as well as our own have recognized that primary cells from patients with CLL are very sensitive to ABT-737. 11, 16, 52 In our studies, we have found that low nanomolar concentrations of ABT-737 induced extensive and rapid apoptosis in primary CLL cells with an EC 50 ¼ 7 nM as early as 4 h after exposure. 52 Furthermore, we also found that primary cells from other B-cell malignancies, including mantle cell lymphoma, marginal zone lymphoma and follicular lymphoma, are all highly sensitive to ABT-737 with extensive and rapid apoptosis at nanomolar concentrations (Table 2) . 52 In this regard, the exquisite sensitivity of these primary malignant B cells to ABT-737 in these in vitro studies is compatible with the reported marked reduction in tumor burden observed in initial studies with ABT-263 of two patients with bulky SLL/CLL. 28 These data also highlight major differences in the sensitivity of primary malignant B cells from patients compared with many of the more commonly used cell lines (see also data on mantle cell lymphoma cells described below). It is not clear how widespread such differences are and further study of primary tumor cells, particularly in other cell types, is required. Published data on AML and ALL cells do not show a remarkable difference in sensitivity between primary samples and cell lines; however, later time points were assessed in these studies. As yet the reason for the difference in primary malignant B-cells and cell lines is not clear. One possibility may be that the act of adapting cells to culture conditions presents some type of stress, and that this stress selects for more 'robust' variants that lose some of their susceptibility to apoptosis. Although we do not understand this difference between primary cells and cell lines, the data highlight potential problems of using cell lines to determine the susceptibility of cells to chemotherapeutic agents.
Bcl-2 Inhibitors as Tools for Mechanistic Studies
The majority of detailed mechanistic studies on Bcl-2 inhibitors have been carried out with ABT-737. Owing to its high affinity for Bcl-2 and Bcl-X L , ABT-737 is proving to be a very valuable tool for mechanistic studies. For example, in our recent study, we showed that ABT-737 induced apoptosis in CLL cells at low nanomolar concentrations as assessed by many different biochemical and morphological criteria including activation and oligomerization of Bax and Bak, loss of mitochondrial membrane potential, release of mitochondrial cytochrome c, activation of caspases, chromatin condensation and phosphatidylserine externalization. 52 However in addition to all the classical changes associated with apoptosis, exposure of CLL cells to ABT-737 also resulted in mitochondrial matrix swelling and rupture of the OMM, changes much more commonly associated with necrosis than apoptosis. 52 As there are no truly representative CLL cell lines, we were unable to compare primary CLL cells with an appropriate cell line. However, we were able to compare the ABT-737 sensitivity of primary mantle cell lymphoma cells from patients with mantle cell lymphoma cell lines. Low nanomolar concentrations of ABT-737 induced apoptosis in primary mantle cell lymphoma cells (EC 50 ¼ 11 nM at 4 h).
including chromatin condensation and margination of the chromatin against the nuclear envelope (Figure 2b ). In the cytoplasm of these cells, mitochondrial matrix swelling and OMM breaks were also readily observed (Figure 2b inset) compared with control cells (Figure 2a) . In contrast, exposure of Z-138, a mantle cell lymphoma cell line, required much higher concentrations of ABT-737 (EC 50 ¼ B3-10 mM at 4 h) to induce apoptosis. Furthermore examination of the ultrastructure revealed that ABT-737 induced extensive apoptosis in this cell line, as assessed by chromatin condensation and nucleolar disintegration (Figure 2d ). Although some mitochondrial matrix swelling was observed, OMM breaks were not a significant feature of these cells (Figure 2d inset) . In these cells, we also observed the presence of flocculent densities within the mitochondrial matrix, a feature more commonly associated with necrosis than apoptosis (Figure 2d  inset) . 56 This was consistent with the presence of several lysed cells (Figure 2d ). Similar morphologies were found in other mantle cell lymphoma cell lines studied (data not shown). Thus, in primary malignant B cells, particularly CLL and mantle cell lymphoma cells, mitochondrial matrix swelling and rupture of the OMM were prevalent ultrastructural features that were absent in several cell lines that we have studied, including Z-138. These studies therefore highlight an unexpected function of Bcl-2 in maintaining mitochondrial membrane integrity in ABT-737 sensitive primary lymphoma and CLL cells and suggest a role for Bcl-2 in fundamental morphological changes occurring during the transition from primary cells to derived cell lines.
In another mechanistic study, ABT-737 was used to activate Bax and circumvent the loss of VDAC1. 57 Activation of Bax is inhibited in cells lacking VDAC1, although Bak is still activated, but apoptosis could be restored using ABT-737. Thus, a novel pathway was delineated in which VDAC1 acts upstream of Bax but downstream of Bak activation in cisplatininduced apoptosis. In another recent study, it was discovered that overexpression of Bcl-X L in hippocampal neurons resulted in an increased synapse formation. This was dependent on functional Drp1 expression and reverted by either knockdown of Bcl-X L or addition of ABT-737. 58 Taken together, these examples show that ABT-737 is a powerful tool to target Bcl-2 or Bcl-X L and thereby give important insights into the functions of these proteins. This might be especially important in cell types that are difficult to transfect, as use of ABT-737 might complement or even circumvent knockdown experiments. However, unless non-mechanism based toxicities are excluded, mechanistic studies with Bcl-2 antagonists other than ABT-737 should be carefully considered and the interpretation of the data might be based on nonspecific effects rather than a direct interaction with Bcl-2 proteins.
Future Perspective
Previous attempts to target Bcl-2 therapeutically using antisense technology to inhibit protein translation so far have not significantly improved outcomes for cancer patients, although improved oligonucleotide design may enhance efficacy. 59 The development of orally bioavailable Bcl-2 inhibitors, such as ABT-263, with the ability to inhibit specifically BH3-Bcl-2 protein-protein interactions at low nanomolar concentrations, potentially marks a significant development in cancer therapy. Phase I studies of ABT-263 are currently ongoing in both lymphoid malignancies and SCLC, both of which have been shown to be sensitive to the compound in vitro, although in the latter case only in cell lines and not in primary material. 24, 28 Whether compounds such as ABT-263 find their way into routine clinical use will depend not only on efficacy but also on manageable, acceptable toxicities. Thrombocytopenia, for example, may limit the value of ABT-263 in patients with heavy bone marrow infiltration; the long-term toxicities of profound Bcl-2 suppression remain to be determined. Identification of proteins that mediate resistance to ABT-263 may allow the development of rational combinations. After many years of development, it now seems likely that the rational design of specific compounds that inhibit specific protein-protein interactions may lead to significant therapeutic advances.
